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The origin of the amino acid sequence diversity characteristic of the variable (V) 
regions  of  immunoglobulins has  been  the  subject  of  considerable controversy for 
several years. Two types of theories have been proposed to account for this diversity, 
primarily on the basis of sequence data derived from light chains. "Pauci-gene" theories 
assume that there are relatively few variable region genes in the germ llne and that 
the many different variable region sequences required for the humoral antibody re- 
sponse are generated by some somatic process  (1-4). Multi-gene, or germ line, theories 
assume,  alternatively, that  a  full complement of  variable region genes exists pre- 
formed in the germ line (5, 6). A clear choice between a pauci- or multi-gene theory 
will probably have to await direct analyses of lymphoid cell DNA. However, RNA 
hybridization studies that have been carried out to date  (7, 8)  have not settled the 
question unambiguously. 
Major challenges to  the validity of multi-gene theories are  their difficulty in ex- 
plaining the origin and stability of the allotypic markers present in the variable re- 
gions of rabbit heavy chains and the finding of "species-specific  residues" in immuno- 
globulin light chains (9).  Completely satisfactory explanations of  these features of 
ilnmunoglobulin  structure have not yet been provided under multi-gene assumptions. 
The  exact  identity and  distribution of  the  species-specific  (or  phylogenetically 
associated, ref.  10)  residues have not been easy to determine because of the several 
variable region subgroups that are characteristic of the light chains of most species. 
The presence of the subgroups makes difficult the identification of such residues in 
pooled light chains from a single species, an approach that would be of enormous value 
in establishing their true significance. 
Previous studies of heavy chains prepared from myeloma proteins have shown 
that the primary structure of the variable region of proteins in the  Vnm sub- 
group is extremely conserved in at ]east four species, and that phylogenetically 
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associated  residues are identifiable in such proteins  (10).  The knowledge  that 
the VHm subgroup is the only unblocked heavy chain subgroup  (11-13)  sug- 
gested that it might be possible to search for such phylogenetically associated 
residues  in  pooled  heavy  chains  from  a  number  of  mammalian  species.  As 
reported here, quantitative studies of such heavy chain pools  using automated 
sequencing methodology (14,  15) showed that such residues were indeed identi- 
fiable  in  pools  and  consequently lend  support  to  a  pauci-gene  basis  for  the 
generation of antibody diversity. The studies also demonstrated that the VHm 
subgroup is distributed differently among different mammals and that  a  wide 
spectrum of individual species can be divided into three broad groups according 
to  the  relative  predominance  of  this  subgroup  in  their  heavy  chain  pool.  A 
preliminary report of these findings has been presented (16). 
Materials  and Methods 
Isolation  of Pooled IgG.--The  source  and nature of the  serum and/or plasma used  for 
these  studies  is  shown  in  Table  I.  lgG  was  usually  separated  from  pooled  serum  or 
plasma by ion exchange  chromatography using DEAE-Sephadex in 0.05  M  sodium phos- 
phate buffer,  pH 7.85. Generally 30 ml of starting material was diluted with an equal vol- 
ume  of  buffer and  centrifuged, and  the  supernatant applied  to  a  1.5  )<  100 cm column. 
The column was then washed with 120 ml of the same buffer, and 180 ml of eluate collected, 
dialyzed against distilled water, and lyophilized.  IgG was obtained from some sera by suc- 
cessive precipitation with Na2SO4 (18% and 14%) in borate-buffered saline (17). The purity 
of most preparations was confirmed by protein  electrophoresis  on  cellulose  acetate  mem- 
branes and by immunoelectrophoresis (18). 
Preparation  of Heavy Chains.--Purified  IgG was partially reduced and alkylated according 
to the method of Fleischman et al. (19). After overnight dialysis against 1.0 M propionic acid, 
the H and L chains were separated by gel filtration on G-100 Sephadex equilibrated with 1.0 M 
propionic acid. In certain cases, the H chain fraction was further purified on G-100 Sephadex 
in 6.0 M urea-l.0 M propionic acid. After lyophilization, the heavy chain preparations were 
quantitated by the  Folin method  (20).  Several  heavy chains were  subjected to  Kjeldah 
nitrogen analysis and their dry weight and ash contents determined (21).  The number of 
nanomoles of heavy chain could thus be calculated from the weight of the sample placed in the 
sequencer cup. In the calculations, the heavy chains of all species were assumed to contain 
446 amino acid residues (22). 
Quantitation  of the  VHIII Subgroup.--Intact  heavy chains were  subjected  to  amino acid 
sequence analysis on  an updated  Beckman model 890A  automated  sequencer  (Beckman 
Instruments, Inc., Palo Alto, Calif.) using dimethylallylamine  buffer (23). The phenylthiohy- 
dantoin (PTH)1 derivatives were identified and quantitated by gas chromatography (Fig.  1). 
After back hydrolysis with 6.0 N HC1 in vacuo, the free amino acids were quantitated on a 
Beckman model 121 amino acid analyzer (24). 
Each heavy chain pool in which sequence data could be obtained was sequenced to at least 
position 11  to confirm its correspondence with the prototype human VItlii sequence.  The 
percentage of the VI~III subgroup for each species was quantitated by comparing the number 
of nanomoles of the invariant valine present in position 2 of the pool with the number of 
nanomoles  of heavy chain placed in the sequencer. Since very few immunoglobulin  heavy chains 
of the VHIIt subgroup have been found to have a pyrrolidone-2-carboxylic acid as  the NH~ 
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TABLE  I 
Source a~ut Nature of Serum Pools Used  for the Preparation of [gG from Various Species 
Animal 
MOPC  173  (mouse) 
MOPC 21A (mouse) 
MOPC 40  (mouse) 
Tei (Human IgG1) 
Tar (Human IgG2) 
Lev (Human IgG3) 
Man 
Number 
Immunoglobulin pool size  and source 
Starting material 
Pool of > 10  Ascitic fluid 
Pool of > 10  Ascitic fluid 
Pool of > 10  Ascitic fluid 
1  Plasma 
1  Plasma 
1  Plasma 
Pool of > 10  Serum 
Source 
M. Potter 
M. Potter 
M. Potter 
Fresh frozen 
Fresh frozen 
Fresh frozen 
Fresh frozen 
Monkey (cynomol- 
gus) 
Monkey (rhesus) 
Monkey (African 
Green) 
Dog 
Cat 
Cow 
Goat 
Pig 
Sheep 
Horse 
Opossum 
Guinea pig 
Hamster 
Rat 
Mink 
Mouse 
Rabbit 
White whale 
Fin whale 
Moose 
Seal 
Sea lion 
Pool of > 10 
Pool of > 10 
Pool of 3 
Pool of 3 
Pool of 4 
Pool of 4 
Pool of 10 
1 
1 
Pool of > 5 
Pool of 3 
Pool of > 10 
Pool of 5 
Pool of 5 
Pool of > 10 
Allotypically 
balanced pool 
1 
1 
1 
1 
1 
Serum 
Serum 
Serum 
Serum 
Serum 
Serum 
Serum 
Serum 
H  chains 
Plasma 
Serum 
Serum 
Lyophilized serum 
Serum 
Serum 
Lyophilized serum 
Serum 
Serum 
Serum 
Serum 
Serum 
Serum 
Fresh frozen 
GIBCO* 
GIBCO 
Fresh bleeding 
Fresh bleeding 
Fresh bleeding 
Fresh bleeding 
GIBCO 
K. Dorrington 
Fresh bleeding 
R. Genco 
Rockefeller strain 
Rockland:~ 
T. Barka 
A. Hurvitz 
GIBCO 
T. Kindt 
N.Y. Aquarium 
N. Arnheim 
N. Arnheim 
N. Arnheim 
N. Arnheim 
* Grand Island Biological  Co., Grand Island, N. Y. 
Rockland, Gilbertsville, Pa. 
terminal residue, this determination of the percentage of unblocked VHIII heavy chains will 
be an accurate minimal estimate of the percentage of this subgroup present in each pool. 
Three homogeneous paraproteins known to belong to the Vmli subgroup served as totally 
unblocked positive controls. Two blocked Vml proteins (one human and one murine) and 
one blocked human Vm protein served as negative controls. The total error of the procedure 
used here is -4-5%. This was determined by repeating the entire procedure (from the IgG iso- 
lation to the VHHI quantitation) for the dog, cat, mouse, and human pools. 
Amino Acid Sequence Analysis of Mammalian Heavy Chains.--The heavy chains from those 
animals in which the VHtn subgroup was found to comprise a significant proportion of  the J.  D.  CAPRA~ R.  L.  WASSERMAN~ AND  J.  M.  KEHOE  413 
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DOG H CHAINS 
Step 2 
1600A 
6% 
Val 
~  ../',J% 
CAT H CHAINS 
Step 2 
800A 
6% 
Vol 
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400 A 
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FIG.  1.  Photographs of the actual gas chromatographic analysis of step 2 of the Edman 
degradation of pooled immunoglobulin heavy chains from (a) an unblocked myeloma protein 
and pools from the dog and the cat and  (b) a  blocked myeloma protein and pools from the 
horse and the sheep. See text for details. 
mmunoglobulin heavy chain V region pool were subjected to further analysis. These studies, 
were therefore limited to two groups of animals: (a)  marsupials and carnivores, which were 
found  to have exclusively unblocked, Vmn  heavy chains; and  (b)  rodents  and  primates 
which were found to have approximately 25% of their heavy chains as unbloeked members of 414  PAUCI-GENE  BASIS  FOR  ANTIBODY  DIVERSITY 
this subgroup.  These data were correlated with previously available information  on the pri- 
mary structure of myeloma proteins from the dog (10), cat (10), mouse (10, 25), and man (13). 
The yield at each position was quantitated using the PTH derivatives by a combination of 
gas chromatography and acid hydrolysis followed by amino acid analysis. Background values 
were estimated  by  sequencing VHIH proteins of known homogeneity  and  sequence,  and  by 
carrying  out  comparable  analyses  of  horse heavy  chains,  which were  shown  to  be  totally 
blocked.  This made possible the calculation  of parameters such as the repetitive yield, non- 
specific  internal  peptide  bond  cleavage,  incomplete  coupling,  and incomplete  thiazolinone 
cleavage (26). In another control, a human and canine myeloma protein were mixed in varying 
proportions and sequenced for 30 Edman  degradation  steps to highlight residues distinct for 
these two species. These various procedures showed that a 5~  contamination  by an  alterna- 
tive residue could be detected for virtually every position studied by the methods described. 
RESULTS 
All IgG pools that were sequencable gave prototype VttIII sequences (Fig. 2). 
The percentage of unblocked heavv chains for each species  examined  is  listed 
in Table II. The first three proteins are the  homogeneous mouse (MOPC  173, 
MOPC  21A)  and  human  (Tei,  IgG1)  unblocked  VHm  controls.  Column  C 
shows that these heavy chains, which were assumed to be completely unblocked, 
gave PTH recoveries at step 2 varying from 84 to 92 % (av 87). This value cor- 
responds  closely to  the  yields  that  have  been  obtained  previously with  the 
automated  sequencer.  Consequently,  in  all  subsequent  calculations  an  87% 
yield at step 2 was taken as an indication of a totally unblocked preparation of 
heavy chains.  This parameter should  be distinguished  from the  slep-to-step 
repetilive  yield, which is 95-96 %. 
PROTOTYPE 
Human 
iO  20 
Glu Val  Gin Leu Val  G]u Ser G]y Gly G]y Leu Va}  Gin Pro Gly G]y Ser Leu Arg  Leu Ser Cys Ala Ala 
I  2  3 
House 
Rat 
__.Lys  .Lys 
Guinea  Pig  Val 
Dog 
Cat 
MTnk 
Seal 
Sea Lion 
Opossum 
Asp_  5  Val 
Asp  Asp  Thr  Val 
Asp 
___Lys  Asp. 
Asp 
I  le  Asp 
FIG. 2.  Amino  acid  sequence analysis of the VHIII  subgroup  of  pooled  mammalian  im- 
munog]obulin heavy chains. A prototype based on human proteins is given at the top. For the 
other proteins, only those residues that differ from the prototype have been shown. Except 
where indicated by a number, all residues reported represent greater than 95% of the amino 
acids recovered at that position. Exceptions: (1)  10% aspartic acid; (2) 15% leucine; (3) 10% 
a]anine; (4)  15% aspartic acid; (5)  10% alanine. J.  D.  CAPRA~ R.  L. WASSERMAN~  AND  J.  M.  KEHOE  415 
TABLE II 
Calculation of the Unblocked V nnl Subgroup* 
A  B  C~  D§ 
Load  Valine Step 2  Yield  at step 2  Unblocked 
MOPC  173 
MOPC 21A 
Tei IgG1 
Lev IgG3 
Tar IgG2 
MOPC 40 
Opossum 
Dog 
Mink 
Cat 
Sea lion 
Seal 
Guinea pig 
Mouse 
Rat 
Monkey (African Green 
Monkey (cynomolgus) 
Monkey (rhesus) 
Man 
Rabbit 
Pig 
Cow 
Sheep 
Goat 
Moose 
Horse 
White whale 
Fin whale 
nmol  nmol  %  % 
152  128  8if  131  121  92  87  100 
153  132  86 
148  7 
149  9  5  0 
166  7 
155  13111  85  97 
152  122  80  91 
80  68  85  97 
161  130  81  92 
95  80  84  96 
85  74  87  100 
157  38  24  23 
154  36  23  22 
102  22  22  20 
103  30  29  29 
161  42  26  26 
144  30  21  19 
156  34  22  20 
107  8  7  2 
144  6  4  0 
137  7  5  0 
137  7  5  0 
176  9  5  0 
160  7  4  0 
129  7  5  0 
164  8  4  0 
141  6  4  0 
* Data  used  in determining percentage  of unblocked  residues.  Column A  indicates  the 
molar quantity sequenced, column B the yield of valine measured at step 2 of the degradation, 
and column C the percentage yield of valine at step 2. The percentage of unblocked chains is 
given in column D, determined as described in the text. 
:~ Column B divided by column A  )<  100. 
§ Considering 87% as 100% unblocked and 5% as 100% blocked, thus, for the cat (81-5) 
C00  92  8Z--s/ 
l] Measured as isoleucine in position 2. 
The  next  three  heavy  chains  (MOPC  40,  Lev  IgG3,  and  Taf  IgG2)  are 
homogeneous,  blocked  myeloma proteins  of either  the V~  or VHI~ subgroup. 
As shown in column C  of Table II, a  small amount of valine (av 5 %) was found 
in these preparations  (see also Fig.  1). This "background"  level is the result of 
several factors  inherent  in  automated  sequencing  (26).  Thus  a  yield of valine 416  PAUCI-GENE  BASIS  FOR  ANTIBODY  DIVERSITY 
up to 5 % at step 2 was assumed to indicate total blockage of a given prepara- 
tion. All the test heavy chains were analyzed on this basis. The percentage of 
unblocked (VHIu) heavy chains in each test pool is shown in column D of Table 
II. 
Fig.  1 shows actual gas chromatographic analyses of the PTH derivative at 
position 2 for some of these heavy chain preparations. The cat and dog pools 
show no significant differences from the unblocked mouse myeloma heavy chain. 
The figure also compares the horse and sheep heavy chain preparations with a 
VHII protein that is known to be blocked. 
As illustrated in Table II, the heavy chains of some species are completely 
blocked, those of others completely unblocked, and those of still others contain 
a mixture of both blocked and unblocked chains. All the unblocked heavy chains 
were clearly assignable to the Vmn subgroup. 
As noted previously, this method of determining the percentage of unblocked 
chains leads to values that are minimal estimates of the actual amount of this 
subgroup present in a given preparation since no V~m heavy chain with blocked 
amino termini (27,  28) would be detected by the method. A composite of the 
results of the VHH~ subgroup  distribution  analyses for the various species is 
presented in graphic form in Fig. 3. 
The extraordinary structural  homogeneity of the Vm~l  subgroup of mam- 
malian heavy chains allowed a significant amount of amino acid sequence data 
to be obtained on pooled IgG from these various species.  Fig. 4 compares the 
gas chromatographic analysis of position 23 of representative canine and murine 
myeloma proteins with pools from these same  species.  Previous studies  (10) 
showed that all of a series of canine and feline myeloma proteins had valine in 
position 23 while human and murine myelomas had alanine here. A comparison 
of the data from the pooled heavy chains from these species shows that  the 
canine pool contains exclusively valine at this position while the murine pool 
contains exclusively alanine (Fig. 4). Quantitation of these residues by both gas 
chromatography and by amino acid analysis indicated that, in each instance, 
greater than 95 % yield of either valine or alanine had been obtained in position 
23 in both the myeloma proteins and the pools. Thus, this position of the pools, 
as virtually every heavy chain pool position to residue 30 that has been analyzed 
to date, cannot be distinguished from myeloma heavy chains by the automated 
sequencer, with those few exceptions that  are noted in the legend to  Fig.  2. 
After position 30 this is no longer true, because of the influence of the first heavy 
chain hypervariable region (residues 31-35, ref. 13). Since no given amino acid 
is present more than 25 % of the time in these positions of pooled heavy chains, 
no predominant sequence is apparent.  Myeloma proteins, in contrast, remain 
homogeneous through this region (13). 
From position 36  to  at  least  residue 50,  a  predominant  sequence pattern 
similar to that of positions 1-30 is seen in pooled material. We report here data 
only to position 24 since this is one residue beyond the last phylogenetically [  I~_i 
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DOG  POOL 
Step23 
200A 
6% 
Vol 
GO DOG 
MYELOMA 
S~ep 23 
400A 
6% 
Vol 
MOUSE 
POOL 
Step 23 
800A 
6% 
AIo 
MOPG 21A 
MYELOMA 
Step 2:3 
200 A 
6% 
AIo 
F~G. 4. Gas chromatographic  analysis of the PTH derivative at position 23 of two myeloma 
heavy chains and of heavy chain pools isolated from the same species. The different attenua- 
tion recorded reflects both the different number of nanomoles initially placed in the sequencer 
and the percentage of each population of molecules that is unblocked. In both the dog pool 
and the dog myeloma, the amount of valine relative to background is approximately the same. 
Similarly, the amounts of alanine in the mouse  pool and the myeloma  heavy chain are virtually 
identical. The uniqueness of both alanine and valine in the respective pools is clearly evident. 
associated  residue  identifiable  up  to  the  first  hypervariable region.  Between 
positions 24 and 30 there do not appear to be any striking primary structure 
differences among mammalian heavy chains of the V~m subgroup. 
The  predominant  amino  acid  sequence  of  pooled  immunoglobulin  heavy 
chains from ten mammalian species,  representing the four orders in which the 
Vnui  subgroup  is  represented,  is  shown in  Fig.  2.  The  degree  of structural 
preselazation  among the Vnm subgroup in these pooled heavy chains is clearly 
evident. A significant secondary sequence was detectable in only five positions, 
as noted in the legend. 
Positions  10,  21,  and  23  were  subjected  to more careful  study because  of 
certain unique features that they showed. All the carnivores and the opossum 
yielded no detectable glycine at position 10, and the primates and the rodents 
gave no detectable aspartic acid here. In man, approximately 10 % of the chains 
in the pool contained alanine in this position, consistent with the observation 
that about 15 % of human myeloma proteins of the Vmn subgroup have alanine 
at position  10.  The most striking finding,  however, was the  total  absence  of 
aspartic  acid in position  10 of the primates  and  rodents,  and  the  absence  of 
either glycine or alanine here in any of the carnivores or the marsupial. At posi- 
tion 21, the dog pool gave exclusively serine and the cat pool exclusively threo- 
nine. Finally, at position 23, those species  that had alanine had no valine and 
those  with  valine  showed no  alanine.  Thus,  whenever  a  given species  has  a 
different amino acid at a particular position than do certain other species,  the 
difference  is generally apparent  in  all  of the  heavy chains of that particular J.  D.  CAPRA,  R.  L,  WASSERMAN,  AND  J.  M.  KEIIOE  419 
species.  Most significantly for the present study, such differences as seen in the 
pool correspond to those seen in myelcma proteins (e.g.,  the threonine at posi- 
tion 21 of the cat, ref. 10). 
DISCUSSION 
This study demonstrates the presence of the VmH subgroup in pooled IgG 
isolated from several mammalian species and shows that the interspecies distri- 
bution of this subgroup corresponds to established evolutionary patterns. In 
addition, the data confirm the presence of particular amino acids in certain 
positions of immunoglobulin Vttii  I heavy chains from a number of mammalian 
species.  The presence of these amino acids at a level of 95 % or more at char- 
acteristic positions of pooled heavy chains of the various species is consistent 
with  the  earlier identification of phylogenetically associated  residues  in  the 
heavy chain Vmn subgroup on the basis of a study of myeloma proteins (10). 
The class mammalia is currently divided into two subclasses,  Prototheria 
(egg-laying mammals) and Theria (mammals that bear live young)  (29).  No 
members of the Prototheria were available for study. The subclass Theria con- 
tains two infraclasses, Metatheria (pouched mammals) and Eutheria (placental 
mammals). The heavy chain result in the opossum (a pouched mammal) as- 
sumed particular interest because, although the sequence of the first 11 residues 
of the pool showed unequivocally that this preparation was assignable to the 
Vmii subgroup, the residue at position 2 was an isoleucine rather than the valine 
that is characteristic of VlcIIII proteins (30, 13). This undoubtedly represents a 
"phylogenetically associated" residue (10) and merits further analysis in other 
members of the Metatheria. 
Among the Eutheria, three major groups were detectable on the basis of the 
relative predominance of the Vmn subgroup (Table II and Fig. 3). The carni- 
vores evidently utilize this subgroup to the virtual exclusion of the others since 
members of this group possess 90 % or more Vm,i proteins in their pools.  In 
marked contrast, the artiodactyls (even-toed ungulates), perissodactyls (odd- 
toed ungulates), cetaceae, and lagomorphs showed no detectable VHm proteins. 
The rodents and primates are intermediate and utilize the Vmn subgroup to a 
level of approximately 25 % (Table II). 
The distribution of the Vmi~ subgroup had a clear correlation with the order 
of the animal involved. For example, within the order Artiodactyla, members of 
two  different  suborders  comprising  three  different  families  (pig-suborder 
Suiformes,  family Suidae;  the  cow,  sheep,  and goat-suborder Ruminantia, 
family Bovidae; and the moose-suborder Ruminantia, family Cervidae) had no 
detectable Vinii sequence in the IgG pool. In contrast, five different members 
of the order Carnivora (the cat-family Felidae; the dog-family Canidae; the 
mink-family Mustelidae; the sea lion-suborder Pinnipedia, family Otariidae; 
and the seal-suborder Pinnipedia, family Phocidae) had virtually 100 % Vmn 
proteins. 420  PAUCI-GENE  BASIS  FOR  ANTIBODY  DIVERSITY 
This pattern was equally apparent in the two orders, Rodentia and Primates, 
in which the VHIII subgroup comprised apploximately 25 %  of the total IgG 
pool.  The narrowness of the Vmii distribution (19-29%)  among the various 
species examined in these orders was very striking (Fig. 3). Evidently, two dif- 
ferent  primate  superfamilies  (Cercopithecidea-old  world  monkeys;  and 
Hominoidea-anthropoid  apes  and  man)  and  two  different  rodent  families 
(Caviidae-guinea pig;  and  Muridae-mouse and rat)  have  the  same  relative 
VHm subgroup distribution. 
These  findings on  the partitioning of  the  VHm  subgroup  among various 
mammals must be reconcilable with any valid conception of the mechanisms 
responsible for the generation of antibody diversity. There is currently general 
acceptance of the view that each variable region subgroup is encoded by at least 
one germ line gene. Assuming, fol the moment, one such gene per subgroup, a 
satisfactory interpretation of the present data might be that four germ line 
genes (one for each of the four VH subgroups) existed in a mammalian progenitor 
and that various phylogenetic groups have utilized each of these genes in varying 
amounts depending upon  the  particular  selection pressures  that  have  been 
operative on the respective groups at different times in evolutionary history. 
Certain groups (carnivores and marsupials) may have lost the VHI, Vml, and 
VHIV genes while others (artiodactyls and perissodactyls) may have deleted the 
VmIi gene. Still others (primates and rodents) could have retained two, three, 
or all four, which may all be expressed in the present day variable region pool 
of these species. 
It is also possible,  of course,  that a VmH gene was a very primitive VH gene, 
which has given rise  by gene duplication to the other subgroups. The data pre- 
sented here could, from this point of view, be a reflection of the extent to which 
such duplication had occurred, varying from none (totally unblocked species) 
to  extensive (totally  blocked species),  in  which  the  putative  Vmi~  gene  is 
presently represented to a very limited extent, or not at all. 
Multi-gene proponents might well look at these findings as consequences of 
large scale genetic expansion and contraction (31, 32) events. We consider such 
an explanation unlikely because of the low probability that the VHIH distribu- 
tion among various species  would follow the observed phylogenetic pattern. 
That is, it seems unlikely, on an a priori basis,  that a pure germ line mechanism 
for diversity generation would lead to similarities in V~m subgroup distribu- 
tion within the following three groups of phylogenetically distant species: (a) 
rnarsupials  and  carnivores;  (b)  artiodactyls,  perissodactyls,  cetaceae,  and 
lagomorphs; and  (c)  rodents and primates. This distribution could, however, 
be readily explained by assuming the existence of a relatively small number of 
VI~ genes, some of which either never appeared or have been deleted during the 
course  of evolutionary time in  certain species.  Such  an  interpretation could 
admittedly be complicated to a certain extent by the absolute confirmation of 
certain as yet disputed hypotheses in evolutionary  zoology, such as, for example, j.  D.  CAPRA,  R.  L.  WASSERMAN,  AND  J.  M.  KEHOE  421 
the view that rodents and primates have an unexpectedly close phylogenetic 
relationship (33). 
These findings on the Vi~m subgroup distribution should be compared and 
contrasted with those of Hood et ah (34) concerning the distribution of kappa 
and lambda light chain types among various species.  At the outset, the distinc- 
tion between examining variable region subgroups and light chain types should 
be emphasized since these are very different palameters. This is particularly 
true since, in contradistinction to the situation in heavy chains, where variable 
regions can associate with different constant regions,  the variable and constant 
regions of the two light chain types are not shared, as exemplified by the lack 
of association of kappa V regions with lambda C regions,  and vice versa. 
With these reservations, which are consistent with the known lack of genetic 
linkage between heavy and light chain genes (32), the light chain data can be 
compared with the present work.  The distributional patterns  of light chain 
type and the relative prevalence of the VHIn subgroup among various species 
are not congruent. For example, although the light chain pool of both carnivores 
and perissodactyls is most, or all, of the lambda type, the carnivore heavy chains 
are  overwhelmingly Vmn,  while the perissodactyl heavy chain pool has no 
detectable Vmi~ proteins. Interestingly, species restricted to a single light chain 
type (cat, dog, horse, whale, sheep, goat, cow, rabbit) also showed either totally 
blocked or totally unblocked VEI~ heavy chains, while species with significant 
amounts of both kappa and lambda chains (man, monkey, guinea pig, mouse) 
possessed at least two heavy chain subgroups. 
Additional information was obtainable from an analysis of the pool sequences 
themselves. Amino acid sequence data, obtained by others on human and mouse 
myeloma light chains (6) and on light chains derived from rabbit homogeneous 
antibodies (15),  have previously shown that most members of a single species 
have  particular  amino  acid residues  in  certain  locations in  the  chains.  For 
example, position 11 in rabbit kappa chains from homogeneous antibodies has 
generally been valine, while mouse and human kappa chains contain leucine at 
this position. The identification and interpretation of such residues have been 
complicated by the difficulty of specifying precisely what is implied by the 
terms "species specific" or "phylogenetically associated" (10). The residues in 
question a~e rarely, if ever, unique to a given species  but are more accurately 
associated with broader level phylogenetic groups. As an example, a  residue 
that is shared by more than one species, such as valine in position 23 of the dog 
and cat VHIII  heavy chains (Fig. 2), is very likely a residue that was present in 
the phylogenetic precursor of these two species,  rather than being specific for 
either the dog or the cat [valine is, in fact, also found in position 23 of guinea 
pig heavy chains (28)]. Thus the term phylogenetically  associated would seem a 
more accurate designation for these residues than species specific. 
The interpretation of the significance of phylogenetically associated residues 
in variable regions would obviously depend on whether the subgroups arose 422  PAUCI-GENE  BASIS  FOR  ANTIBODY  DIVERSITY 
before or subsequent  to speciation. Although  this question has not  yet been 
completely settled,  Milstein  and  Svasti  (31)  have proposed,  on  the  basis  of 
recent sequence studies of mouse kappa chains,  that distinct subgroup genes 
existed before the  divergence of the  mouse-man  evolutionary branches.  This 
reinforces the necessity for considering phylogenetically associated residues on 
a subgroup-specific basis in both light chains and heavy chains (10) and implies 
as a coiollary that such residues are not necessarily to be found in all members 
of either kappa  or  lambda  chains  within  a  given  species.  Nonetheless,  the 
identification of such  residues in  any preparation  of pooled immunoglobulin 
polypeptide chains would add greatly to their significance. 
It has been difficult to search for such residues in light chain pools because of 
the nmltiple variable region subgroups characteristic of both kappa and lambda 
chains (5). However, Novotny, Dolejs, and Franek (35), in a study of pooled 
porcine lambda chains,  have recently shown that  the  sequence of the amino 
terminal  23 residues of these proteins is highly uniform and contains several 
phylogenetically associated residues, as well as a deleted residue in position 5 
that is unique to the pig. These authors concluded that their data were most 
compatible with a somatic process of variable region diversification. 
The close structural similarities of the VHm heavy chains in the immuno- 
globulin pools analyzed in the present study have several important implica- 
tions. As noted previously, it indicates that at least one basic V~m gene existed 
before mammalian speciation. Further, it has made possible the localization, in 
pools,  of the  same phylogenetically associated residues  that  have previously 
been identified in various heavy chains from myeloma proteins.  The greater 
degree of preservation of primary structure, outside the h)~oervariable regions, 
seen in these heavy chains as compared with many light chains, may be a conse- 
quence of a predominant role for heavy chains in the formation of the antibody 
combining site. Comparison of the present data with that available for an avian 
species (36)  as well as with fragmentary data available for the shark (37)  sug- 
gests that the \:~m subgroup is very old and well preserved. 
The residue alternatives for the seven phylogenetically associated positions 
described here all represent single  base changes in the genetic code (e.g., posi- 
tion  1-Glu:Asp;  2-Val:Ile; 3-Gln:Lys; 10-Gly:Asp;  19-Lys:Arg; 21-Ser:Thr; 
23-Ala: Val). In each case, the alternative amino acids are very similar in struc- 
ture and properties. The alternatives seem to have been introduced indepen- 
dently since there does not appear to be any particular linkage between the 
various positions. For example the following associations can be observed for 
positions 10 and 23: Gly:Ala (man, mouse, rat); Gly: Val (guinea pig); Asp: Ala 
(mink, seal,  sea lion); and Asp:Val (dog, cat). 
The presence of the phylogenetically associated residues observed in  these 
pools can be more easily reconciled with a pauci-gene than a multi-gene theory 
of antibody diversity. One would assume the original existence, early in post- 
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one species to another up the phylogenetic scale. At certain eras in evolutionary 
time, point mutations of this gene occurred to generate those residues identifi- 
able now as phylogenetically associated.  For example,  one could assume that 
for polypeptide position  10 of the VttIII gene a codon for aspartic acid existed 
in the precusor of both marsupials and other mammals. This codon has remained 
in all modern marsupials and carnivores since members of these groups still have 
an aspartic acid at position 10 (Fig. 2). However, this precursor gene underwent 
a point mutation at some time on the divergence path to rodents and primates 
and all members of these two groups now have a  glycine rather  than aspartic 
acid in this position of their Vmi~ proteins.  Similar changes  have presumably 
occurred in other  regions  of a  Vmn  gene  to yield the  other  phylogenetically 
associated  residues now seen in other animals.  Fig. 5  illustrates  the  evolution 
of  four  such  residues  in  the  carnivores.  Nothing  in  this  formulation  would 
preclude some limited variable region gene duplication after speciation,  as has 
presumably occurred with some heavy chain constant region genes to give rise 
to  the  immunoglobulin  subclasses  (38).  Similar  recent  variable  region  gene 
duplications  could  explain  the  occurence  of the  "linked"  residues  in  certain 
VItII  I proteins, which have lead to the designation of sub-subgroups of sequence 
variability by some authors (39). The available sequence data imply that  such 
duplications are not numerous and are not incompatible with a  pauci-gene basis 
for the generation of antibody diversity. 
MINK  DOG  CAT 
B  ~  B~ 
GIn-Asp-Thr-Vol  GIn-Asp~]Ser-Ala  GIn-Asp~Ser-V01 
MUSTELIDAE  CANIDAE  FELIDAE 
Gin-Asp  J- Ser-Vol 
CREODONTA 
SEA  LION  SEAL 
D  ,,  B 
Gln-Asp-Ser-Ala  Lys-Asp-Ser-Alo 
D  D 
OTARIIDAE  PHOCIDAE 
PINNIPEDIA 
[] 
CARNIVORES 
D 
MAMMALS 
FIG, 3. Evolution of four phylogenetically associated residues among the carnivores assum- 
ing a single Vmii germ line gene. Early in mammalian evolution aspartic  acid  appeared  in 
position 10. After the creodonts diverged, the phylogenetic line that gave rise to the cat and 
the dog acquired a valine in position 23, and later in the emergence of modern cats, a threonlne 
in position 21. Similarly, after  the divergence of the Pinnipedia,  and the appearance  of the 
Phocidae family, a lysine replaced glutamine at position 3. Modern carnivores thus contain  at 
least these four phylogenetically associated residues (positions 3, 10, 21, 23) in a  germ  line 
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These data on pooled heavy chains seem especially difficult to reconcile with 
a pure germ line theory of antibody diversity. As soon as one postulates  many 
genes in a progenitor, some ad hoc mechanism must be invoked to explain how, 
in certain instances,  all of the genes in a particular modern species can contain 
information for a different amino acid at a particular phylogenetically associated 
position. For example, both "multiple gene expansion and contraction" (6) and 
"democratic gene conversion" (40)  have already been proposed to explain  the 
existence of multiple variable region allotypes in rabbits and could equally well 
explain phylogenetically associated residues in the V  region. The generation of 
three phylogenetically associated residues of the modern cat by a  gene expan- 
sion and contraction mechanism from multiple  genes  (five in this  example)  is 
shown  schematically  in  Fig.  6.  However,  both  multiple  gene  expansion  and 
DTV  DTV  DTV  DTV  DTV  MODERN  CAT 
~~  DTV ~~  EARLY  FELIDAE 
t  t  t  t  t  t 
D S  V  D S  V  D S V  D S V  D S  V  CREODONT 
v  EARLY CREOD0.T 
t  t  t  t  t  t 
D S A  D S A  D S A  D~:S  A  D S A  CARNIVORE 
FIG. 6. Evolution of three phylogenetically associated residues from the early carnivores to 
the modern cat according to a gene expansion-contraction hypothesis. The single letter  code 
has been used: D  =  aspartic  acid (position 10); S  =  serine, T  =  threonine  (position 21); 
A  =  alanine,  V =  valine, (position 23). The cross-hatched codons have been eliminated by 
some contraction process (6). The example illustrates the required expansion and contraction 
among only five germ line genes. The presence of more genes in the germ line would require 
additional, but analogous, expansion and contraction events. 
contraction  and  democratic  gene  conversion  assume  that  a  large  number  of 
genes can be replaced by, or induced to change by, a  single gene. An explana- 
tion of the heavy chain  data presented  here  would require  these processes to 
have  occurred  in  the  immunoglobulin  system  on  multiple  occasions,  and  in 
relatively short stretches of evolutionary time, during emergence of the various 
higher animal species that can be studied today. This would seem a  less likely 
development  than  the  generation  of the  phylogenetically associated  residues 
by simple  mutational  events  operating  on  single  Vm~  genes,  under  the  as- 
sumption of a pauci-gene basis for antibody diversification. 
SUMI~IARY 
Immunoglobulin heavy chains from IgG pools of several mammalian species 
have been subjected to Edman degradation on an automated protein sequencer. 
The percentage of unblocked vs. blocked heavy chains was estimated from the J.  D.  CAPRA~  R.  L.  WASSERMAN,  AND  ~'.  1V[. KEHOE  425 
yield of the invariant valine in the second position. Further  analysis of these 
unblocked polypeptides unequivocally placed them in  the VHm subgroup on 
the basis of homology with known human heavy chain sequences. 
The  mammals  studied  could  be  divided  into  three  distinct  categories  on 
the basis of the distribution of the VHm subgroup. In several species the VHm 
subgroup  could  not  be  detected  while,  in  others,  virtually  all  of the  heavy 
chains  belonged to this subgroup.  Several  species  had  intermediate  amounts 
with the level of the Vum subgroup restricted to between 19 and 29% of the 
total pool. Within experimental error, all members of a given order had a similar 
Vum subgroup distribution. 
Further  amino acid sequence studies  illustrated a  high degree of structural 
homogeneity in the heavy chains of IgG isolated from pooled sera of a number 
of mammalian species. The very close amino acid sequence homologies of the 
amino terminal 24 residues of the various pools corroborated conclusions pre- 
viously  obtained  using  several  myeloma proteins  from  some  of  these  same 
species. In particular, certain phylogenetically associated residues were identifi- 
able at characteristic positions in the pools in confirmation of their identifica- 
tion  in  the  myeloma proteins.  The simplest assumptions would  suggest  that 
these findings are more compatible with a pauci-gene than a multi-gene basis 
for the generation of antibody diversity. 
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